The new muon (g − 2) experiment E989 at Fermilab will be equipped with a laser calibration system for all the 1296 channels of the calorimeters. An integrating sphere and an alternative system based on an engineered diffuser have been considered as possible light distributors for the experiment. We present here a detailed comparison of the two based on temporal response, spatial uniformity, transmittance and time stability.
Introduction
A new (g − 2) experiment, E989 [3] at Fermilab, has been proposed to measure the muon anomalous magnetic moment to a precision of 1.6 × 10 −10 (0.14 ppm). To achieve a statistical uncertainty of 0.1 ppm, the total data set must contain more than 1.5 × 10 11 detected positrons with energy greater than 1.8 GeV. In particular, the experiment will require a continuous monitoring and re-calibration of the detectors, whose response may vary on both a short timescale of a single beam fill, and a long one of accumulated data over a period of more than one year.
It is estimated that the detector response must be calibrated with relative accuracy at sub-per mil level to achieve the goal of the E989 experiment to keep systematics contributions due to gain fluctuations at the sub-per mil level * Corresponding author: carlo.gabbanini@ino.it on the beam fill scale (0-700 µs). Over the longer data collection period the goal is to keep systematics contributions due to gain fluctuations at the sub-percent level.
This is a challenge for the design of the calibration system because the desired accuracy is at least one order of magnitude higher than that of all other existing, or adopted in the past, calibration systems for calorimetry in particle physics [2, 7] .
As almost 1300 channels must be kept calibrated during data taking, the proposed solution is based on the method of sending simultaneous light calibration pulses onto the silicon photomultiplier (SiPM) photo-detectors, Some guidelines are defined to select the light source (s) and to design the geometry of the light distribution and monitoring; the following criteria are adopted to select the light source type:
• light wavelength must be in the spectral range accepted by the detector and determined by the convolution of the spectral density of the Cherenkov signal produced by electrons in PbF 2 crystals with the spectral transmission of the crystals, and with the photo-detection-efficiency (PDE) of the photodetector; PDE is peaked around 420 nm for SiPMs.
• the luminous energy of the calibration pulses must be in the same range of that produced by the conversion of the electron energy in the crystals, typically 1-2 GeV, into light [1] . This corresponds to a luminous energy on each tower of a calorimeter station of about 0.01 pJ, or to about 0.013 nJ for simultaneous excitation of all calorimeter readout channels (1300). The numbers quoted above are merely indicative of the order of magnitude and are derived by assuming that the readout of each crystal will produce about 1.5 photo-electrons per MeV with 35%
PDE for SiPMs and with 23% coverage of the crystal readout face.
• the pulse shape and time width must be suitable to infer on the readout capability in pile-up event discrimination: pulse rise/trailing time should be of the order of some hundred of picoseconds, the total pulse width should be of the order of 1 ns. However, as the SiPM detectors in the planned experiment give temporal tails of several ns, the time width requirements are less stringent.
• the pulse repetition rate must be of the order of 10 kHz; this value will be tuned to obtain the best compromise between the need of having enough calibration statistics in the time interval when the maximum rate is achieved in the readout devices and the need to avoid pileup.
Among many different types of pulsed lasers commercially available, pulsed diode lasers in the blue seem to best address all the criteria listed above and are considered as a source for the calibration pulses. The light pulses will be distributed to the calorimeters in a way that will be defined after the completion of all tests required to qualify, in terms of light transmission and time stability, all other optical elements of the calibration system.
A particulary appealing candidate for the distributor is the integrating sphere, which offers a high degree of output uniformity at the price of a rather large intensity loss. In the planned design, the laser pulses should be sent into one or more integrating spheres and then coupled into bundles of optical fibers. Each fiber will finally convey the light pulses into the crystals and SiPMs to be calibrated. As an alternative, we tested a system based on an engineered diffuser, having higher transmission efficiency but a lower degree of output uniformity. In this paper we describe both tests.
Integrating sphere and diffuser
Integrating spheres with diffusely reflective white walls, also known as Ulbricht spheres, have been used for more than a century for the characterization of light sources, detectors, and for other photometric studies. We will not detail here their working principles. For some recent applications see for instance refs. [6, 8] , while for the theory see ref. [4, 5] . Briefly, an integrating sphere is used to spatially integrate a radiant flux that can either be introduced into it by some input port or directly produced inside the sphere by a source. In either case, the light reflects diffusively several times inside the sphere so that, on some output port, the radiant flux can be considered uniform and isotropic.
We compared the performances of the integrating sphere with a distributor based on a engineered diffuser described in next section.
For the present scope, several measurements have been performed to test various characteristics of the integrating sphere and of the diffuser, i.e. the temporal response to short laser pulses, the spatial uniformity, the transmittance into a fiber bundle and the transmission stability over relatively long lapse of time. given by:
Temporal response
where ρ eff is the average wall reflectance, c is the velocity of light and D is the diameter of the integrating sphere [5] .
The average wall reflectance takes also into account the presence of input and output ports according to
where ρ is the wall reflectivity, S tot and S open are the total and open surfaces of the sphere respectively. In our experiment we used an integrating sphere with a diameter of 2 inches (Thorlabs IS200-4). It has an inner surface reflectivity ρ of 99 % in the visible range, four 1/2 inch input/output ports and a 3 mm diameter, recessed detector opening. To study the temporal response of the sphere to short light pulses, a frequency doubled Tisapphire laser (wavelength 400 nm) with pulse duration of the order of 300 fs and and initial pulse energy of about 1 mJ, attenuated to a final value of some µJ, has been used. This is not the laser that will be used for the E989 We compared the sphere response with that of an engineered diffuser, produced by RPC Photonics and marketed by Thorlabs (mod. ED1-C20), consisting of structured microlens arrays that transform a Gaussian input beam into a flat top one [9] . The input beam should be collimated and expanded to cover a high number of microlenses while the output beam has a divergence of 20 degrees. All optical elements, i.e. the telescope, the diffuser and the fiber bundle (see further sections), are mounted on a single cage.
For the diffuser we observed that there isn't any variation of the temporal profile of the laser pulse.
Spatial uniformity
It is well known that the integrating sphere ensures a high uniformity of the radiation emitted at an output window [6] . However this is generally true when all transient response has disappeared. We investigated the luminance uniformity in the case of a single laser pulse. In order to measure the uniformity at an output port, we used a Images have been recorded also for the diffuser. In this case the laser beam is expanded by a telescope to a diameter above 1 cm before impinging into the diffuser. The camera is placed just after the diffuser without the lens, so that its CCD sensor is about 5 cm away from the diffuser surface. The analysis of the image of a single laser pulse image is shown in Fig. 2b . The uniformity is in this case 0.97 in the 8 mm central part.
Transmission measurement
As the system should operate as a light distributor through optical fibers in the (g − 2) experiment, we measured the transmission of two combined systems: sphere+fiber bundle and diffuser+fiber bundle. In order to make reliable measurements we used a fraction (150 mW) of a highpower laser with continuous emission (frequency-doubled Nd:YAG laser, wavelength 532 nm, P max =7 W, model Coherent VERDI), which has an excellent output power stability. We used a power meter with two interchangeable heads with different full scale to detect the signals.
In the first measurement, a fiber quartz bundle (60 fibers of diameter 200 µm, manufactured by Leoni Fiber Optics Inc.) was connected to the sphere using an adapter.
The output power from each fiber was measured using the power meter with the lower full scale head. This measurement has been carried out for two ports of the sphere at 90 degrees from each other that are called the 90 degree port and the north pole port. We can compare this experimental value with that expected from theory. The sphere surface radiance, L S , of the sphere for an input flux Φ i , is given by:
where ρ is the surface reflectance, A sphere the sphere surface and f is the port fraction (f = A open /A sphere ).
Due to the numerical aperture (NA) and losses at the air/fiber interface, the light coupling efficiency of an optical fiber is greatly reduced:
where A f is the surface of the fiber, R is the reflectance at the fiber face (e.g. 8 %) and NA is the numerical aperture. The overall transmission coefficient for the complete system (sphere + fiber bundle) results:
assuming the fiber diameter equal to 200 µm, NA= 0.2, ρ = 0.99 and f = 0.0215. This calculated value is an upper limit for the fiber output, because it is necessary to take into account the length, the material extinction coefficient and the exit interface reflection of the fiber.
These measurements have been done also for the diffuser. As the output beam from the diffuser diverges, by changing the distance between the bundle and the diffuser we could collect more or less light. For some measurements we added a lens after the diffuser to partially focus the light into the fiber bundle and collect more light. for each fiber, but at the expense of a large inhomogeneity. In this figure also the value for the sphere is reported.
While for the sphere there is no possibility to adjust the transmission coefficient, for the diffuser one can establish a uniformity goal, for instance 10 %, and adjust it suitably.
The transmission can be significantly increased both for the sphere and the diffuser by using fibers with higher diameter or higher numerical aperture. For our distribu-tion purposes we plan to use 1mm diameter PMMA fiber, which should allow nearly a factor 25 gain in the transmission factor.
Intensity stability over time
Another very important test parameter for the distribution system of (g − 
Conclusions
In this paper we studied some characteristics of two devices, i.e. an integrating sphere and an engineered diffuser, to be used, together with an optical fiber bundle, as possible light distribution systems. They should be part of the calibration system of the forthcoming E989 (g − 2)
experiment at Fermilab, where short (≈ ns) laser pulses will be delivered to a large number (1300) photodetectors for an extended period of time. Therefore we tested in particular the sphere's and the diffuser's temporal response, The test has also shown that it is possible to achieve even higher transmission coefficient for each fiber when using a system based on an engineered diffuser, at the expense of a lower uniformity. We expect also a slightly worse longterm stability for the diffuser, but this is not evident at the measured level. The diffuser has the advantage of leaving unaltered the temporal profile of the laser.
The final choice for the light distribution system of the (g − 2) experiment calibration will be done by considering several issues, including the total required laser power.
